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Abstract
Considering hybrid F-term inflation in RSII model and using the most recent data from Planck
2018 and in comparison with Planck 2015 WMAP 9-year , we can obtain some interesting con-
straints on main parameters of the model. Also, we attain convenient compatibility between this
model and observational data. We show that this setup provides a successful hybrid inflation with
high enough Reheating Temperature, TR, to have a successful thermalization.
After inflation, particles are created in the process of preheating. Inflaton field(s) oscillated and
fermionic field(s) interacted with it in a non-perturbative regime of parametric resonance. We
apply theory of fermionic preheating coupling to the inflaton, without expansion of the universe,
to calculate the occupation number of created particles analytically, and some interesting results
are achieved.
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I. INTRODUCTION
Over the last years there has been considerable interest in higher dimensional cosmologi-
cal models. Because of high consistency with observational results, evolution of the universe
in most models is described by supersymmetric hybrid inflation [1],[2]. Hybrid inflation
was introduced to solve some problems in inflationary models [3], [4] for example; F-term
hybrid inflation model overcome blue spectrum problem [5],[6]. Thus, it is very consider-
able to look for a generalized supersymmetric braneworld inflation consistent with recent
observations[7]. However inflationary scenarios overcome some cosmological problems, but
exiting of inflation and entering matter dominated era after a suitable reheating process is
still challenging. At the other hand some elementary particles can make shortcut to attain
this purpose; i.e. sterile neutrinos [8]. Searching for sterile neutrinos is still in process by
searching cosmological signatures [9] and providing high-energy collides in CERN [10] and
other experiments [11], [12].
In Randall-Sundrum braneworld scenario[14], we suppose that our 4D Universe is living on
a 3-brane, embedded in a 5D bulk with an extra space dimension. We add some super-
symmetric hybrid inflation to this context and hope to obtain some interesting cosmological
implications.
In the present paper,we are interested on F-term effect on some inflationary aspects like
observable quantities and reheating temperature. We briefly reviewed the setup of F-term
potential and loop corrections on it [15],[16] and [17]. In this model we note that the F-term
will dominate. This case was considered for the first time in [18].
In the following sections,after a brief review of F-term inflation; we will recall some founda-
tion of field equations on the brane and also basis of inflation dynamics. Then we consider
the extension of this model on RSII brane and calculate some perturbative parameters in
this setup and the results are in good agreement with recent WMAP 9-year and Planck
2015 and Planck 2018 observations [19], [7], [39], [40]. Then we briefly study reheating after
inflation and some interesting results are obtained. In the last section we develop the theory
of fermionic preheating for non-expanding universe on the brane.
2
II. F-TERM MODEL
The most interesting SUSY hybrid inflation models are F-term inflation and D-term
inflation. F-term attracts more attention than the other because it is tailor made to fit with
Higgs’ mechanism. Here we review the structure of F-term inflation which is a special case
for P-term inflation. By adding Fayet-Illiopoulos terms ~ξ to the theory , as mentioned in
[17] , SU(2, 2|2) symmetry breaks down to N = 2 supersymmetry.
ξ ≡
√
|~ξ|2 =
√
ξ+ξ− + (ξ3)2, ξ± ≡ ξ1 ± iξ2. (1)
With considering global supersymmetry, P-term inflation is derived from the superpotential
W =
√
2gS
(
φ+φ− − ξ+
2
)
, (2)
where S, φ+, φ− are chiral superfields with positive coupling constant g and charges QS = 0,
Qφ+ = +1, Qφ− = −1 respectively. with this superpotential we can obtain scalar potential
V = |∂W |2 + g
2
2
D2, D = |φ+|2 − |φ−|2 − ξ3. (3)
If we choose ξ+ = ξ− = ξ = 2M2 > 0 and ξ3 = 0 we recover the potential of F-term inflation
model with W =
√
2gS
(
φ′+φ
′
− −M2
)
and D = |φ′+|2 − |φ′−|2
V FN=2 = 2g
2
(|Sφ′+|2 + |Sφ′−|2 + |φ′+φ′ −M2|2)
+
g2
2
(|φ+|2 − |φ−|2) . (4)
Now we need to determine the vacua of P-term model which are :
1. Local minimum with flat direction of scalar field S which correspond to a de-Sitter
minima or de-Sitter solution, and S provides a flat direction in potential :
φ+ = φ− = 0,V0 = 12g
2ξ2, |S|2 > S2c ≡
ξ
2
. (5)
2. Global minimum with choosing suitable components has a solution ,
|φ+|2 − |φ−|2 = ξ3
|φ+|2 + |φ−|2 = ξ
⇒ |φ−|2 = ξ−ξ32|φ+|2 = ξ+ξ32 (6)
which for F-term model with ξ3 = 0 reduces to |φ−|2 = |φ+|2 = ξ2 .
3
A. Gauge Theory Loop Corrections
Due to the first loop corrections in gauge theory, the flat direction of the inflation field S
is uplifted. Using Coleman-Weinberg formula [20] one can find the effective 1-loop potential
for large inflaton field S
V1−loop =
g2ξ2
2
(
1 +
g2
8pi2
ln
|φ|2
|φc|2
)
. (7)
This term is important because leads to the motion of the field S towards the bifurcation
point and the end of inflation.
For F-term model all non-gravitational higher loop corrections are finite. The radiative
corrections obtained above lead to the effective potential for f-term inflation
V F (φ) =
g2ξ2
2
(
1 +
g2
8pi2
ln
|φ|2
|φc|2 +
|φ|4
8
+ · · ·
)
. (8)
During inflation potential values for both D-term and F-term model are practically equal;
but different values of V ′ make perturbations a little smaller in F-term model.
III. FIELD EQUATIONS ON THE BRANE
Now we review the basic equations on the brane [21] , [23] , [24]. With supposing a
Randall-Sundrum II model, a 5D cosmological constant in the bulk, Λ5 , matter contribution
on the brane with energy-momentum tensor τmuν , tension of the brane λ and 5D Planck
mass M5 we have :
Gµν + Λ4gµν =
8pi
M2p
τµν +
(
8pi
M35
)2
piµν − Eµν , (9a)
piµν =
1
12
ττµν +
1
8
gµνταβτ
αβ − 1
4
ταµτ
α
µ −
1
24
τ 2gµν , (9b)
Eµν ≡ Cαβρσnαnρgβµgσν , (9c)
where the gµν is the induced 4D metric, Λ4 the effective 4D cosmological constant, Mp the
usual 4D Planck mass, nα normal vector on the brane and Eµν electric part of the Weyl
tensor. Which
Mp =
√
3
4pi
M35√
λ
,Λ4 =
4pi
M35
(
Λ5 +
4piλ2
3M35
)
. (10)
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In a cosmological model, which induced metric gµν on the brane has the form of spatially
flat FRW form and a(t) is the scale factor, then the Friedmann-like equation on the brane
takes the generalized form [25], [26]
H2 =
Λ4
3
+
8pi
3M2p
ρ+
(
4pi
3M35
)2
ρ2 +
c
a4
, (11)
where C is an integration constant term arising from Eµν and reminds radiation term or
”Dark Radiation” term. This term disappears quickly during inflation and can be ignored.
On the critical brane, Λ4 = 0 , we have
Λ5 = −4piλ
2
3M35
. (12)
So the Friedmann generalized equation has the form
H2 =
8pi
3M2p
ρ
(
1 +
ρ
2λ
)
. (13)
In the low energy regime, ρ  λ , we recover usual Friedmann equation. But in the high
energy regime, ρ λ , the generalized Friedmann equation takes the form
H2 =
4piρ2
3λM2p
. (14)
We will use this regime for some estimations in the following sections.
IV. INFLATION ON THE RSII BRANEWORLD MODEL
L. Randall and R. Sundrum constructed two 5D universe models to overcome hierarchy
problem and the weakness of gravity in [13] and [14], but the second one attracts more
interest and has a very good agreement with observations. In this cosmological scenario, as
already mentioned, we will consider a scalar field as inflaton field. We confine scalar field
φ on the brane with a self-interacting potential V (φ) given in [27]. Scalar field φ obeys
the homogenity and isotropy of the 4D universe, then φ is a function of time only. This
homogeneous field φ(t) behaves like a perfect fluid with energy density ρ(t) = 1
2
φ˙2 + V (φ)
and pressure p(t) = 1
2
φ˙2 − V (φ) . There is no energy flow between the brane and the bulk,
so the energy-momentum tensor Tµν of φ is conserved, which means ∇νTµν = 0 . Then we
obtain the continuity equation for the ρ and p
ρ˙+ 3H(p+ ρ) = 0, (15)
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where H is the Hubble parameter H = a˙
a
.
Finally we find the equation of motion for the scalar field φ
φ¨+ 3Hφ˙+ V ′(φ) = 0. (16)
Inflation occurs in early universe when matter density is so high, then Friedmann equation
takes the form
H2 =
4piρ2
3λM2p
. (17)
In the slow-roll approximation, there is two constraints with slow-roll parameters  and η
which must be satisfied
 ≡ − H˙
H2
,η ≡ V ′′
3H2
= ˙
H
,  1, |η|  1. (18)
In this approximation the equation of motion of the scalar field takes the form
|φ¨|  3Hφ˙
|φ¨|  V ′
⇒ φ˙ ' − V ′
3H
, (19)
and the generalized Friedmann equation becomes
V  φ˙2 ⇒ ρ ≈ V (φ)⇒ H2 ' 4piV
2
3λM2p
. (20)
In this regime with slow-roll approximation, ρ λ→ V  λ, the slow-roll parameters and
the number of e-folds are given by
 ' M
2
p
16pi
(
V ′
V
)2 (1 + V
λ
)(
1 + V
2λ
)2 , (21a)
η ' M
2
p
8pi
(
V ′′
V
)
1(
1 + V
2λ
) , (21b)
N ' − 8pi
M2p
∫ φf
φi
V
V ′
(
1 +
V
2λ
)
dφ, (21c)
where V ′′ = d
2V
dφ2
and the subscripts i and f are used to denote the epoch when the cosmolog-
ical scales exit the horizon and the end of inflation, respectively.  1 and |η|  1 warrants
inflation and inflation ends at φf = φend which makes max(, |η|) = 1 . For a strong enough
inflation we take 50 ≤ N ≤ 60. Another important cosmological constraint comes from the
power spectrum of the curvature perturbations [21]
PR(k) ' 128pi
3M6p
V 3
V ′2
(
1 +
V
2λ
)3
. (22)
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The amplitude of tensor perturbations defined by [29]
Pg(k) ' 128
3M4p
V
(
1 +
V
2λ
)2
F 2(x), (23)
where
x = HMp
√
3
4piλ
and
F 2(x) =
[√
1 + x2 + x2 ln
(
1
x
+
√
1 +
1
x2
)]−1
.
The ratio of tensor to scalar perturbations and the running of the scalar index respectively
are
r(k) '
(
M2P
pi
V ′2
V 2
F 2(x)(
1 + V
2λ
)2
)
k=k∗
, (24)
dns
d ln k
' M
2
P
4pi
V ′
V
1(
1 + V
2λ
) (3 ∂
∂φ
− ∂η
∂φ
)
, (25)
where the right-hand side evaluated at the horizon-crossing when the co-moving scale equals
the Hubble radius during inflation and k∗ = Ha . The spectral index for the scalar pertur-
bations is given in terms of the slow-roll parameters
ns − 1 ≡ d lnPR
d ln k
= 2η − 6. (26)
V. F-TERM INFLATION AND PLANCK 2018 RESULTS
In this section, we introduce a limit on the brane tension, λ. With this goal in mind, we
investigate the F-term inflation. Slow-roll parameter η determines the end of inflation which
ends at φ = φc that φc ≥ φend. In the frame-work of RSII model, one can easily obtain [28]
|η| = 1⇒ φend = Mpg
2ξ
8pi3/2
√
2
g2ξ2
(
g2ξ2
4λ
+ 1
)
, (27)
which enables us to find an upper limit for the brane tension λ
φc ≥ φend ⇒ λ ≤ g
2ξ2
M2P g
2
8pi3ξ
− 4
. (28)
Considering eq.(21c), we can evaluate φ∗ (the inflaton field at horizon crossing) as
φ2∗ '
Ng2M2P
16pi3
(
1 + g
2ξ2
4λ
) + ξ. (29)
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The combination of WMAP 9-year and Planck2015 data gives the following results [19], [7]
ns = 0.9603± 0.0073, (30a)
r < 0.099, (30b)
dns
d ln k
= −0.0134±−0.0090, (30c)
PR(k) = (2.23± 0.16)× 10−9, (30d)
V < 0.008, (30e)
ηV = −0.010+0.005−0.011. (30f)
On the other hand the combination of Planck 2018 1 and BAO and BK14 data gives the
following results [39], [40]
ns = 0.9649± 0.0067, (31a)
r < 0.076, (31b)
dns
d ln k
= −0.0045±−0.0067, (31c)
PR(k) = (2.22± 0.16)× 10−9, (31d)
V < 0.0097, (31e)
ηV = −0.010+0.007−0.011. (31f)
which is consistent with Gaia results [41].
Considering eq.(26) , g >
√
32pi3ξ
M2P
with ξ = 32× 10−8M2P and MP = 1.2× 1019GeV [22] , we
find a limit on coupling constant
√
2g > 0.02 .
As an example, for g = 0.02 and N = 60 from eq.(28) we find an upper limit on brane
tension :
λ ≤ 3.941× 10−17M4P . (32)
Evaluating λ = 2.876× 10−17M4P which satisfies the inequality (32), we obtain:
PR(k) ' 2.35× 10−9, (33)
1 TT,TE,EE+lowE+lensing
8
which practically coincides with observational value.
As we mentioned before, large interval of values of N can reproduce the observation results
as shown in the following table.
InflationParameters ns r dns/d ln k
N = 50 0.9608 0.43 ∗ 10−5 −0.0014
N = 55 0.9623 0.39 ∗ 10−5 −0.0012
N = 60 0.9667 0.37 ∗ 10−5 −0.0011
We can also remark that according to N the scalar spectral index ns and the running of the
spectral index dns/d ln k increase, whereas, the ratio of the tensor to scalar perturbations r
decreases.
VI. REHEATING OF THE UNIVERSE
During inflation Universe expands exponentially and cools down typically from temper-
ature 1027k to 1022k [18] (The exact drop of temperature is model dependent).
When inflation ends the temperature must return to the pre-inflationary temperature; in
the aim of entering radiation dominated era [29]. This is reheating or thermalization, which
inflaton field decays into elementary particles and large amount of potential energy provides
the high temperature we need for the Standard Hot Big Bang picture. At this stage Universe
fills with standard model particles and the radiation dominated phase of the Universe begins.
After that the temperature must provide a good basis for baryogenesis and nucleosynthesis.
Baryogenesis step needs energies larger than electroweak scale and nucleosynthesis requires
that the Universe be in a vicinity of thermal equilibrium at a temperature around 1MeV .
The so-called ”old” version of reheating was developed immediately after first inflationary
scenarios. In old reheating theory, the inflaton field decays to scalar particles with finite
probability of decaying. These decays can be formulated by coupling the inflaton field, φ,
to other scalar (χ) or fermion (ψ) fields through term in the lagrangian [30] , [5] such as
νσφχ2 and hφψ¯ψ
L =
1
2
(∂µφ)
2 − m
2
φ
2
φ2 − m
2
χ
2
χ2 + ψ¯ (iγµ∂µ −mψ)ψ
+ νσφχ2 − hψ¯ψφ−∆V (φ, χ), (34)
9
which σ is a parameter with dimensionality of mass and ν, h are dimensionless coupling con-
stants and ∆V includes terms with higher order than (φ2, χ2). With dimensional analysis,
since Γ = t−1 = m one can easily obtain the tree-level decay rates (Γ) for these two interac-
tions. When the mass of the inflaton is much larger than hose of χ and ψ (mφ  mχ,mψ),
the decay rate is
Γφ→χχ =
ν2σ2
8pimφ
,Γφ→ψ¯ψ =
h2mφ
8pi
. (35)
Considering νσ and h2 small for simplicity, we can obtain Γtot = Γ(φ→ χχ)+Γ(φ→ ψ¯ψ) <
3H(t). In this process the energy density of the field φ decreases (due to expansion of the
Universe), therefore at the time t∗ , 3H(t∗) becomes less than Γtot. So the contribution of
produced particles to the total matter density becomes significant at the time t∗ and the
condition 3H(t∗) ∼ Γtot leads to the following condition on ρ∗ = ρ(t∗), the energy density at
time t∗,
ρ∗ ∼ ΓtotMp
√
λ
12pi
. (36)
On the other hand, considering strong enough interaction between χ and ψ-particles, after
thermodynamical equilibrium, one can obtain temperature TR
ρ∗ ∼ pi
2N(TR)
30
T 4R, (37)
where N(TR) is the effective number of degrees of freedom at T = TR, with N(TR) ∼
102 − 103.
So the reheating temperature for our model, F-term potential on RS II brane is:
TR ∼
(
15ΓM2p
pi2N(TR)
√
3λ
pi
) 1
4
. (38)
Considering leptogenesis which means that the inflaton field φ decays to massive right handed
neutrinos νR or sterile neutrinos ψ, φ −→ ψ + ψ, so the decay rate of φ is [31]
Γ =
√
2
ξ
g
8pi
M2ψ, (39)
where Mψ is the sterile neutrino mass and we choose a favorable mass range, Mψ ∼ 109Gev,
because it is accessible by high energy experiments, such as LHC. At the other hand if
Mψ is near the electroweak scale, the origin of both scales may be related and the origin
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of matter may be explained by leptogenesis from CP-violating νR oscillations [32]. For a
thermal leptogenesis, reheating temperature is [32]
TR ≥ 2× 109Gev. (40)
So with the values of coupling constant , g, and the Fayet-Iliopoulos term, ξ, used in sec-
tion(V), we find a lower limit on brane tension, λ,
λ ≥ 9.821× 10−48M4p . (41)
with this result we find a lower limit for the brane tension λ.
VII. PREHEATING AFTER INFLATION
It is important to note that TR is not necessarily the largest temperature reached in
the thermal history of the Universe and some cases which inflaton may be kinematically
forbidden to decays[33], the temperature can be much higher [34]. In such cases TR is
independent of the couplings h, ν and only depends on mφ. Then the effective masses,
after affecting quantum corrections, can have a strong effect on the dynamics of the system.
Considering that effective masses can be time and space dependent, leads us to preheating
[30].
In this work, we concentrate on Fermionic preheating which considered the possibility of
resonant production of fermions. Since many problematic particles Exp. gravitinos, are
fermions and resonant production of them can have a deep impact on relic abundances [30],
[35], [36], Fermionic preheating can be so important and useful. Since fermions obey the
exclusion principle which means nk ≤ 1, the system is strongly constrained.
The major idea of fermionic preheating includes oscillation of homogeneous scalar field φ,
inflaton, in an expanding flat FRW universe, which triggered creation of Dirac fermions.
With appropriate matter action, one must solve the Heisenberg equation of motion for some
Dirac ψ -field in cosmological background. The matter action is [37]
SM [φ, ψ] =∫
d4x
[
1
2
∂µφ∂
µφ− V (φ) + iψ¯γµDµψ − (mψ + hφ) ψ¯ψ
]
,
(42)
where h is the coupling constant of Yukawa coupling between ψ and φ, γµ is Dirac gamma
matrix and Dµ = ∂µ +
1
4
γαβω
αβ
µ is the spin − 12 covariant derivative with spin connection,
11
ωαβµ and γαβ ≡ γ[αγβ].
Variation of action (42) with respect to ψ¯ gives us the GR generalized Dirac equation
[iγµDµ − (mψ + hφ(t))]ψ(x) = 0. (43)
If we consider appropriate gamma matrices for FRW space-time and decompose ψ(x) into
eigen-spinors which the time dependence of the eigen-spinors is considered in some mode
function χk(t), the mode equation will be obtained
χ¨k + 4
a˙
a
χ˙k
+
k2
a2
+M2eff − i
(
aM˙eff
)
a
+
9
4
(
a˙
a
)2
+
3
2
a¨
a
χk = 0, (44)
where the effective mass of fermion is Meff ≡ (mψ + hφ). we can remove damping term by
using conformal transformation Xk(t) = a
2χk(t), and the mode equation reduces to
X¨k +
[
k2
a2
+M2eff − i
(aMeff )
.
a
+ ∆(a)
]
Xk = 0, (45)
where ∆(a) ≡
[
1
4
(
a˙
a
)2 − 1
2
a¨
a
]
.
In order to calculate the number of particles created, we must use creation and annihilation
operators, (ak,s, bk,s) and (a
†
k,s, b
†
k,s) . At time t = 0 Hamiltonian
H =
∫
d3x
[
iψ†ψ˙
]
(46)
is diagonal in terms of creation and annihilation operators, but for later times we should use
Bogoliubov transformation to have a diagonal Hamiltonian in terms of creation and anni-
hilation operators. Now we write mode function Xk in the adiabatic form with Bogoliubov
coefficients αk and βk
Xk(t) = αkN+e
−i
t∫
0
dtΩk(t)
+ βkN−e
+i
t∫
0
dtΩk,(t)
(47)
where N± = (2Ωk (Ωk ±Meff ))−1/2. Also we need some initial conditions to solve mode
equation, (eq.45), which will be obtained from normalized Xk, that nk(0) = 0 and Xk(0
−) =
N+e
−iΩkt. So the positive frequency initial condition is N+ = (2Ωk (Ωk +Meff ))
−1/2,[37] .
After solving mode equation (eq.45) we can write the co-moving number density of created
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particles which determined by nk(t) = |βk|2, and the energy density of created fermions ρψ
as
nk(t) =a
(
Ωk −Meff
2Ωk
)
×[
|X˙k|2 + Ω2k|Xk|2 − 2ΩkIm
(
XkX˙
∗
k
)]
,
(48)
ρψ(t) =
1
pia3
∫
dkk2Ωknk(t), (49)
where Ω2k ≡ k
2
a2
+M2eff .
We can solve equation (eq.45) with considering the expansion of the universe or without
it. First we attempt to find an analytical solution for this equation without expansion
of the universe. For this purpose, we suppose inflaton field as an oscillating scalar field
with frequency ωφ after inflation. With ωφ  H , the rate of cosmic expansion, we can
easily neglect the expansion of the universe and time dependence of the scale factor in the
mode equation (eq.45) [37]. So scale factor is constant and we can scale it to a = 1. It is
convenient to consider a simple potential like quadratic potential V (φ) = 1
2
m2φφ
2 and use
parametric resonance method to solve this mode equation as in [37], which φ contains an
time-independent amplitude and a time-dependent part
φ(t) = φ0f(t), f(t) = cos (mφt), (50)
which mφ is constant. For more complicated potentials , like F-term model, mφ depends on
φ and t :
m2φ =
∂2V
∂φ2
=
(
1
2
gξ
)2( −g2
2pi2φ2
+
3φ2
M4
)
(51)
⇒ mφ =
(
gξ
2
)√
3φ2
M4
− g2
2pi2φ2
. (52)
Since this potential exponentially grows about φ = 0, we suppose that field φ oscillates
around the minimum potential which is a complex amount,
φ4 =
−g2
8pi2
⇒ φmin = 4
√
g2
8pi2
(1 + i) , (53)
and we need real part of it , Re (φmin) =
4
√
g2
8pi2
to avoid that the potential diverges. At
the other hand, the oscillation is small enough to make a small variation in field φ and
mass mφ and allow us to use a periodic mean value as Effective mass m¯φ in the form of
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m¯φ =
1
T
∫ t′+T
t′ dt
′mφ(t′) which is big enough to set ωφ = m¯φ. In this method effective mass
of scalar field φ must be real; so
φ = φ0 cos (ωφt) + φmin, φ0 < φmin. (54)
Now we define a dimensionless time variable τ ≡ m¯φt and can rewrite the mode equation
(eq.45) :
χ′′k +
[
κ2 + (m˜+
√
q cos τ)2 + i
√
q sin τ
]
χk = 0, (55)
where we have introduced the dimensionless momentum κ ≡ k
m¯φ
, the dimensionless fermion
mass m˜ ≡ mψ
m¯φ
, and the resonance parameter q ≡ h2φ20
m¯φ
as have introduced in [37]. At-
tempting to solve this complex mode equation and considering some numerical results pre-
sented in [37], we split the mode function χk into it’s real and imaginary part, χk (τ) =
sin (νkτ) [χ1k (τ) + iχ2k (τ)] and the equation (eq.55) separates to a system of coupled second-
order differential equations :
χ′′1k +
(
−ν2k + κ2 + (m˜+
√
q cos τ)2
)
χ1k
−√q sin τχ2k = 0,
(56)
χ′′2k +
(
−ν2k + κ2 + (m˜+
√
q cos τ)2
)
χ2k
+
√
q sin τχ1k = 0,
(57)
Following the calculations of Appendix A, one can solve this equations and obtain
χ1k = c1e
λ1τ + c2e
λ2τ + c3e
λ3τ + c4e
λ4τ , (58)
χ2k = i
[−c1eλ1τ − c2eλ2τ + c3eλ3τ + c4eλ4τ] , (59)
where λ1,2 = ±
√
R (eiθ+) , θ+ ≡ arctan
(
l2
l1
)
, l1 ≡ ν2k−κ2−
(
m˜+
√
q cos τ
)2
, l2 ≡ −√q sin τ
and R ≡
√
l21 + l
2
2 . So
χk = sin (νkτ)
(
2c1e
λ1τ + 2c2e
λ2τ
)
. (60)
With inserting |χ˙2k|, |χ2k| and Im (χkχ˙∗k) in (eq.48) one can obtain nk(t) in terms of c21, c22 and
c1c2. Using positive frequency initial conditions to normalize mode function χκ results :
c1 =
1
4m¯φ
√
2
(
κ2 + m˜2 + 2
√
q + q +
(
m˜+
√
q
)√
κ2 + m˜2 + 2
√
q + q
) ,
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c1 = −c2, (61)
and
χκ = 2c1 sin (νκτ)
(
eλ1τ − e−λ1τ) . (62)
To determining the frequency νk , we consider the value of mode function χk(T ) = cos dk +
i sin dk exactly after the first background oscillation :
cos dκ = − cos νκT = 0⇒ νκT = pi
2
, (63)
and we scale period T to 1; so we have νκ =
pi
2
.
As you can see in Fig.1 , Fig.2 , for small enough amounts of q, the occupation number
nκ often exhibits smooth behavior. Analytical solution we find in this paper , have a good
compatibility with previous numeric results for q ≤ 0.001 , as in [37] .
FIG. 1. Occupation number nκ for (q = 0.0001;κ = 0.5)
VIII. CONCLUSION AND DISCUSSION
In this paper, we have analyzed F-term hybrid inflation in the framework of RSII
braneworld and one can easily show that this setup can provide successful inflation. From
the point of view of the reheating, we compute the reheating temperature, TR, for ther-
mal leptogenesis in this model. Using obtained results, we find some constraints on brane
tension, λ. At the other hand, we show some inflation perturbation parameters i.e. ns, r,
dns/d ln k have good compatibility with WMAP 9-year and Planck observations.
Since we are studying thermal history of the universe, it is so important to have a suit-
able end of inflation and entering the matter production era. We looked for an appropriate
15
FIG. 2. Occupation number nκ for (q = 0.0001;κ = 0.9)
preheating mechanism for this setup and computed fermionic preheating to arising an effi-
cient leptogenesis. Analytical solution we find in this paper, have a good compatibility with
previous numeric results, [37].
Appendix A: second order systems
As mentioned in [38], Given a second order nn system x′′ = Ax , define the variable u
and the 2n× 2n block matrix C as follows.
u =
 x
x′
 , C =
 0 I
A 0
 . (A1)
Then each solution x of the second order system x′′ = Ax produces a corresponding solution
u of the first order system u′ = Cu. Similarly, each solution u of u′ = Cu gives a solution x
of x′′ = Ax by the formula x = diag (I, 0)u.
The characteristic equation for this system is
det (C − λI) = (−1)n det (A− λ2I) . (A2)
After solving characteristic equation det (C − λI) = 0 and calculating eigenvalues enable us
to finding eigenvectors of A(n× n) and C(2n× 2n), which is
(C − λI)
W
Z
 = 0⇔
 AW = λ2WZ = λW (A3)
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Considering the eigen-pairs of matrix C , {(λj, yj)}2nj=1 and y1, . . . , y2n are independent, one
can obtain general solutions of u = Cu and x = Ax. Introducing wj = diag (I, 0) yj and
j = 1, . . . , 2n, we have :
u(t) = c1e
λ1τy1 + . . .+ c2ne
λ2nτy2n (2n× 1),
x(t) = c1e
λ1τw1 + . . .+ c2ne
λ2nτw2n (n× 1).
(A4)
In our case  χ′′1k
χ′′2k
 =
 l1 −l2
l2 l1
 χ1k
χ2k
 . (A5)
We introduce l1 ≡ ν2k − κ2 +
(
m˜+
√
q cos τ
)2
and l2 ≡ −√q sin τ , then we have
C =

0 0 1 0
0 0 0 1
l1 −l2 0 0
l2 l1 0 0
 . (A6)
The result is obtained by solving characteristic equation
det
(
A− λ2I) = 0⇒
 λ1,2 = ±
√
l1 + il2
λ3,4 = ±
√
l1 − il2
, (A7)
and we can rewrite them in the form of
λ1,2 = ±
√
R (eiθ+) , λ3,4 = ±
√
R (eiθ−) , (A8)
where R ≡
√
l21 + l
2
2, θ+ ≡ arctan
(
l2
l1
)
and θ− ≡ arctan
(
−l2
l1
)
. Following the method we
can obtain eigenvectors and wj, and finally we have
χ1k = c1e
λ1τ + c2e
λ2τ + c3e
λ3τ + c4e
λ4τ ,
χ2k = i
[−c1eλ1τ − c2eλ2τ + c3eλ3τ + c4eλ4τ] . (A9)
One may concern whether l1 and l2, Coefficients of the equations , become zero or not and
how affect the form of equation and solution. So we find zero points of them and obtain
special meaningful solutions in our case ; if l1 = 0 :
l1 = 0⇒ l2 = −
√
q − q
(
m˜∓
√
ν2k − κ2
)2
⇒
 θ+ = arctan∞eiθ+ = ±i ,
(A10)
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and the mode function is
χk (τ) = sin (νkτ)
(
2c1e
±i√l2τ + 2c2e∓i
√
l2τ
)
. (A11)
And if l2 = 0 :
l2 = 0⇒ l1 = ν2k −
(
κ2 + (m˜+
√
q cosnpi)2
)
⇒
 θ+ = arctan0cos θ+ = cosnpi ,
(A12)
with mode function in the form of
χk (τ) = sin (νkτ)
(
2c1e
i
√
l1τ cosnpi + 2c2e
i
√
l1τ cosnpi
)
. (A13)
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